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Summary
The study of short, autonomously folding peptides,
or “miniproteins,” is important for advancing our un-
derstanding of protein stability and folding specificity.
Although many examples of synthetic -helical struc-
tures are known, relatively few mixed / structures
have been successfully designed. Only one mixed-
secondary structure oligomer, an / homotetramer,
has been reported thus far. In this report, we use
structural analysis and computational design to con-
vert this homotetramer into the smallest known
/-heterotetramer. Computational screening of many
possible sequence/structure combinations led effi-
ciently to the design of short, 21-residue peptides that
fold cooperatively and autonomously into a specific
complex in solution. A 1.95 Å crystal structure reveals
how steric complementarity and charge patterning
encode heterospecificity. The first- and second-gen-
eration heterotetrameric miniproteins described here
will be useful as simple models for the analysis of
protein-protein interaction specificity and as struc-
tural platforms for the further elaboration of folding
and function.
Introduction
Miniproteins are short polypeptides, typically having
fewer than 40 residues, that adopt specific, discrete
folds in aqueous solution (Imperiali and Ottesen, 1999).
Many miniproteins have been described in the litera-
ture, including α-helical coiled coils and helical bundles
(Hill et al., 2000), mixed α/β motifs (Dahiyat and Mayo,
1997; Mezo et al., 2001b ; Struthers et al., 1996), pre-
dominantly-β motifs (Cochran et al., 2001; Kortemme et
al., 1998; Ottesen and Imperiali, 2001), and other folds
(Neidigh et al., 2002; Zondlo and Schepartz, 1999).
Some of these miniproteins are derived by reducing
naturally occurring protein folds to a minimal folding
core, whereas others have been designed de novo,
either by visual inspection or with the use of computa-*Correspondence: keating@mit.edu
4 These authors contributed equally to this work.tional methods. Miniproteins have served as scaffolds
for ligand and metal binding, as well as for the introduc-
tion of catalytic activity (Ghirlanda et al., 1998; Lombardi
et al., 2000; Moffet et al., 2000). Miniproteins, and
coiled-coil miniproteins in particular, have been suc-
cessfully utilized in materials science for the introduc-
tion of nanoscale structure and organization, often with
“switchable” physical properties (Petka et al., 1998; Ry-
adnov and Woolfson, 2003). Heterooligomeric peptides
are particularly useful in these contexts, as they provide
a mechanism for integrating units with distinct proper-
ties. We are interested in designing heterooligomeric
miniproteins both for potential applications and for fun-
damental investigations of how protein-protein interac-
tion specificity is encoded in sequence and structure.
The small size of miniproteins provides several ad-
vantages for studying protein folding and association.
First, the sequence-structure relationship is simplified.
There are fewer variables available in miniproteins to
encode properties of interest, and as a consequence
these variables can be more systematically dissected.
Second, miniproteins can be synthesized chemically,
providing a straightforward method to test sequence
variants including both natural and nonnatural amino
acids. Chemical synthesis also enables the facile intro-
duction of biophysical probes such as fluorophores. Fi-
nally, the small size of miniproteins renders them ame-
nable to computational analyses, including structure
design and the simulation of protein folding (Dahiyat
and Mayo, 1997; Harbury et al., 1998; Snow et al., 2002;
Zagrovic and Pande, 2003).
Numerous short homooligomeric miniproteins have
been described, the majority of which are coiled coils
and helical bundles. There are fewer examples of heter-
ospecific systems, although a number of heterodimeric
(Keating et al., 2001; McClain et al., 2001; Moll et al.,
2001; O’Shea et al., 1993; Zhou et al., 1994), heterotri-
meric (Lombardi et al., 1996; Nautiyal et al., 1995;
Schnarr and Kennan, 2003), and heterotetrameric (Fair-
man et al., 1996; Sia and Kim, 2001) coiled-coil pep-
tides have proven useful for protein engineering appli-
cations (Hodges, 1996; Ryadnov and Woolfson, 2003).
Coiled coils consist of a variable number of α helices
associated in a bundle with a slight superhelical twist.
An “acid/base” strategy, in which heterospecificity is
obtained by patterning the residues at the hydropho-
bic/hydrophilic interface of paired helices with comple-
mentary charged residues, has been shown to have
great utility for encoding specific structure in coiled
coils (Fairman et al., 1996; O’Shea et al., 1993). Steric
complementarity between juxtaposed residues in the
hydrophobic core has also been used to impart hetero-
specificity (Kashiwada et al., 2000; Monera et al., 1996).
Studies of designed heterooligomeric coiled-coil
miniproteins have enriched our understanding of how
specificity is achieved in naturally occurring proteins
such as the transcription factors Fos and Jun (O’Shea
et al., 1992). The shortest heterooligomeric miniprotein
previously reported in the literature consists of 21
amino acids and forms a tetrameric coiled coil in solu-
tion (Fairman et al., 1996). It was used to test the influ-
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226Figure 1. The Design History of the BBA Heterotetramers
(A) NMR structure of BBA5, an autonomously folding 23-mer designed to adopt the α/β fold of a zinc finger (Struthers et al., 1996, 1998).
(B) X-ray crystal structure of BBAT2, a homotetrameric derivative of BBA5 (Ali et al., 2004).
(C) X-ray crystal structure of BBAhetT1, a heterotetrameric miniprotein derived from BBAT2 by computer-aided design based on the structure
of BBAT2 (this study).ence of side chain length on charge-charge interac- B
ttions. At this time, the structure of this complex has not
been reported. In fact, relatively few designed hetero- o
tspecific miniproteins have been characterized by NMR
or X-ray crystallography, resulting in an incomplete un- s
uderstanding of the structural basis of heterospecificity
(Keating et al., 2001; Marti et al., 2000; Nautiyal and s
eAlber, 1999).
The miniproteins BBAT1 and BBAT2 (Figure 1B) are e
c21-residue homotetramers in which each monomer
adopts a mixed ββα (BBA) secondary structure (Mezo l
let al., 2001a, 2001b). BBAT1 and BBAT2 are derived
from the monomeric α/β miniprotein BBA5 (Figure 1A), s
ea de novo designed metal ion-independent zinc finger
(Struthers et al., 1996, 1998). BBAT1 was selected from r
a small library of BBA5 derivatives by means of a fluo-
rescence-based quenching assay. A shortened loop R
between α and β subunits in BBAT1 precludes intramo-
lecular burial of the hydrophobic surfaces and results C
Hin self-association to a homotetramer. BBAT2 is a more
stable derivative of BBAT1 having D-alanine in place of M
ithe “hinge” glycine at position 9. The X-ray crystal
structure of BBAT2 was recently reported (Ali et al., m
o2004), revealing a novel architecture with certain struc-
tural elements reminiscent of a tetrameric coiled coil. a
sAs in coiled coils, the central core of the BBAT2 tetra-
mer is formed by association of the hydrophobic face s
dof each monomer, including significant contributions
from the helical portion. The hydrophobic core consists e
tof five palindromic layers, each layer composed of one
side chain from each monomer, similar to the core lay- c
ters found in coiled coils. Furthermore, both apolar and
polar residues are located along the intermonomer E
Einterfaces. Unlike a typical four-stranded coiled coil,
however, the superhelical twist of BBAT2 is right- b
Ehanded, and the “knobs-into-holes” packing that char-
acterizes coiled coils (Walshaw and Woolfson, 2001) is
inot observed. Despite these differences, we antici-
pated that strategies employed in the design of hetero- (
roligomeric coiled coils would be applicable to the de-
sign of a heterotetrameric BBA complex. 1
CHerein we describe the computational design and char-
acterization of two miniprotein complexes, BBAhetT1 and tBAhetT2. Our goal was to design pairs of short pep-
ides that would adopt the overall backbone structure
f the BBA homotetramer, but in a heterospecific A2B2-
ype complex with C2 or pseudo-C2 symmetry. We
ought a stable and highly specific motif that could be
sed to probe sequence determinants of interaction
pecificity and that could serve as a scaffold for further
laboration of structure or function. The design strat-
gy was motivated by the structure of BBAT2 and used
omputational methods to identify and rank mutations
ikely to impart both stability and heterospecificity. So-
ution characterization and a high-resolution X-ray
tructure confirmed the success of our design. The
volution of the BBA family from monomer to heterotet-
amer is summarized in Figure 1.
esults
omputational Design
omotetramer BBAT2 is very sensitive to mutation.
any residues in this small motif have multiple roles
n determining specificity and stability, and seemingly
inor sequence changes can lead to loss of structure
r aggregation (Ali, 2004; McDonnell, 2001; McDonnell
nd Imperiali, 2002). We therefore adopted a stepwise
trategy whereby the effects of mutations to core and
urface sites were modeled and evaluated indepen-
ently. An empirical, molecular mechanics-based en-
rgy function was used to identify suitable sites for mu-
ation and to evaluate sequence substitutions at the
hosen sites. Each sequence was modeled as a hetero-
etramer (giving EABAB), as two homotetramers (giving
AAAA and EBBBB) and as an unfolded monomer (giving
unfold). We sought sequences with large values for
oth stability (Eunfold – EABAB) and specificity (EAAAA +
BBBB – 2EABAB).
The hydrophobic core of BBAT2 consists of five pal-
ndromic layers. The three unique layers are layer A
composed of residues 3 and 20), layer B (composed of
esidues 8 and 16), and layer C (composed of residues
2 and 12#). To identify sites for mutation, layers B and
were analyzed in detail. Calculations were carried out
o select residues at positions 12, 8, and 16 that would
Designed 21-Residue Heterotetramer
227Figure 2. Design of Heterospecificity
(A–C) Core redesign.
(A) Four leucines at position 12 in BBAT2 pack poorly in the hydrophobic core (Ali et al., 2004).
(B) Ala was predicted to pack well against Phe in the core of a heterotetramer, and to disfavor homotetrameric states.
(C) The stability of the heterotetramer was improved and specificity was retained when Abu was substituted for Ala in BBAhetT2.
(D–E) Surface redesign. Positions 11, 18, and 13 of BBAT2 are Glu, Gln, and Ala, respectively. Calculations suggested that Asp or Lys at
position 18 could form salt-bridging interactions with Glu or Lys at position 11, and that Lys or Glu residues at position 13 on adjacent
subunits could also interact favorably, as shown. (D) and (E) are two views of the designed complex, rotated 90° around the tetramer axis
with respect to one another.impart heterospecificity. The largest predicted specifi-
cities came from substitutions at position 12. More
qualitative analyses also indicated that position 12 was
a good candidate for mutation. For example, a small
fraction of leucines at this site in BBAT2 were modeled
with alternate conformations in the three crystal struc-
tures, suggesting a nonoptimal fit of the side chains at
this site in the homotetramer.
The most heterospecific sequences from the position
12 calculations systematically suggested a “large/
small” design strategy, with two monomers contribut-
ing a bulky residue that could not be accommodated in
the core of a homotetramer and two others contributing
a small side chain that could not form good packing
interactions in a homotetramer. Models of many dif-
ferent “large/small” combinations (e.g., Trp/Ala, Trp/
Ser, Trp/Thr, Phe/Ala, Tyr/Val) indicated that these resi-
dues could be accommodated in a heterotetramer. Two
different backbone structures for BBAT2 were used in
the design calculations (see Experimental Procedures).
On one backbone, Trp/Ala combinations were pre-
dicted to give the highest heterospecificity at positions
12 and 12#; on the other, Phe/Ala pairs were the most
heterospecific. Phe/Ala pairs were computed to be
more stable than Trp/Ala on both backbones. Further-more, core side chains in the predicted L12F/L12A het-
erotetramer could be accommodated in statistically
common rotamers (Dunbrack and Cohen, 1997; Dun-
brack and Karplus, 1993). A peptide pair having Phe at
position 12 in one chain and Ala at position 12 in the
other chain was therefore selected for experimental
analysis (Figure 2B).
Structural analysis, as well prior studies of BBAT2 (Ali
et al., 2004), were used to select surface sites for muta-
tion. At the hydrophobic/hydrophilic interface, posi-
tions 13 and 18 (alanine and glutamine, respectively, in
BBAT2) were previously mutated to methionine selen-
oxide without structural perturbation, suggesting that
the introduction of a charged residue would be toler-
ated. Position 13 is directly across from position 13 of
an adjacent monomer, and distances in BBAT2 indi-
cated that an interchain interaction would be possible
at this site between residues with long side chains. Po-
sition 18 is opposite position 11 (glutamate) of an adja-
cent monomer in the homotetramer; these two sites
were also selected for redesign.
Computational selection for heterospecificity at the
surface sites suggested placing residues of opposite
charge at structurally opposed positions, reminiscent
of similar interactions found in heterospecific coiled
Structure
228Table 1. Sequences of Designed Peptides
Hairpin Helix
Peptide 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21
BBAT2 Ac Y R I p S Y D F a D E L A K L L R Q A Z G NH2
A-Ala Ac Y R I p S Y D F a D E A E K L L R D A Z G NH2
B-Phe Ac Y R I p S Y D F a D K F K K L L R K A Z G NH2
A-Abu Ac Y R I p S Y D F a D E B E K L L R D A Z G NH2
A-Leu Ac Y R I p S Y D F a D E L E K L L R D A Z G NH2
B-Leu Ac Y R I p S Y D F a D K L K K L L R K A Z G NH2
BBAhetT1 = (A-Ala)2(B-Phe)2
BBAhetT2 = (A-Abu)2(B-Phe)2
a = D-Ala, p = D-Pro, Z= DapBz, B=Abuurating the core and surface changes suggested by the
o
q
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HFigure 3. Solution Characterization of BBA Oligomers
a(A) Circular dichroism spectra of A-Ala (B), A-Abu (*), B-Phe (),
BBAhetT1 (•), BBAhetT2 (:), and BBAT2 (%) with total peptide P
fconcentration of 50 M.coils. The highest specificity scores were obtained for c
vcombinations having Glu and/or Asp at positions 11,
13, and 18 of one monomer, and Arg and/or Lys at op- s
tposing sites of adjacent monomers. Computed speci-
ficity rankings, in conjunction with a visual examination e
iof the structures generated by side chain repacking, led
to the selection of Glu/Lys or Asp/Lys pairs at position t
113/position 13 and position 11/position 18 sites (Fig-
ures 2D and 2E). B
(
oSolution and Structural Characterization
Peptides A-Ala and B-Phe were synthesized, incorpo- c(B) Thermal denaturation of A-Abu, B-Phe, BBAhetT1, BBAhetT2,
and BBAT2 at 50 M total peptide concentration; symbols as in (A).omputational analysis (Table 1). The two peptides indi-
idually exhibited very weak circular dichroism (CD)
pectra between 200 and 300 nm at 50 µM, indicating
hey have little secondary structure. By contrast, an
quimolar mixture of A-Ala and B-Phe revealed an
ncrease in ellipticity and a qualitatively different spec-
rum indicative of interhelical association (Zhou et al.,
992), as observed for homotetramers BBAT1 and
BAT2. The change in secondary structure upon mixing
Figure 3A) strongly supports the formation of a hetero-
ligomeric complex. Thermal melts of the A-Ala/B-Phe
omplex, termed BBAhetT1, showed a cooperative-
nfolding transition (Figure 3B). Furthermore, hetero-
ligomerization was supported by a fluorescence-
uenching assay (Figure 4). The molecular weights of
BAhetT1 and of the individual components were de-
ermined by sedimentation equilibrium analytical ultra-
entrifugation (AUC) experiments (Table 2). Peptides
-Ala and B-Phe were found to be monomeric at low
oncentrations, but BBAhetT1 was best described as a
ingle tetrameric species. A tracer sedimentation equi-
ibrium experiment (Rivas and Minton, 2003) further
onfirmed the heterospecificity of the interaction (Sup-
lemental Data, Supplemental Table S1 available with
his article online).
The designed combination of a “large/small” core
acking motif and charge complementarity was suc-igure 4. Fluorescence Quenching Experiments Demonstrating
eterospecific Interactions between A-Ala and B-Phe and A-Abu
nd B-Phe
eptides were synthesized with a quencher (A-Ala and A-Abu) or
luorophore (B-Phe) label. Combinations of A-Ala and B-Phe (BBA-hetT1) and A-Abu and B-Phe (BBAhetT2) exhibit fluorescence
quenching. Error bars indicate standard deviations.
Designed 21-Residue Heterotetramer
229Table 2. AUC Results
Peptide A-Ala B-Phe BBAhetT1 A-Abu BBAhetT2
n¯2 (cm3/g)a 0.7234 0.7510 0.7372 0.7248 0.7379
MWcalc 2561 2648 10418 2575 10446
NONLIN
Best Modelb a a a b b
Sigmac 0.5012 0.5493 1.6758 0.4452 1.8010
MWobs 2616 3208 9253 2336 9938
Stoichiometryd 1.0 1.2 3.6 0.9 3.8
SEDPHAT
MWobs 2703 3193 9393 2631 9491
Stoichiometry 1.1 1.2 3.6 1.0 3.6
a Partial specific volumes were calculated using the program SEDNTERP (Laue et al., 1992). Partial specific volumes of complexes were
approximated as the average of the partial specific volumes of the individual components.
b Best model: a: Single species, B = 0. b: Single species, B s 0.
c Sigma is related to the molecular weight by the equation M =
sRT
(1−n¯r)u2
.
d Stoichiometry is defined as (MWobs)/(MWcalc). In the case of a mixture, MWcalc is the average of the calculated molecular weights of the
components.cessful in imparting heterospecificity to BBAhetT1.
However, this complex is significantly destabilized rela-
tive to the parent homotetramer BBAT2. An analysis of
computationally predicted structures indicated that a
larger side chain could be accommodated in place of
Ala in the “small” partner at position 12. Serine was
predicted to result in more favorable van der Waals in-
teractions relative to alanine at this site, but also in an
overall reduction in stability. The nonnatural amino acid
L-α-aminobutyric acid (Abu) was predicted to stabilize
the tetramer by w4 kcal/mol, based on estimates of
van der Waals and solvation contributions, and to retain
high specificity for heterotetramerization. Peptide A-Abu,
with an Ala to Abu substitution at position 12 (Table 1),
was synthesized. The CD spectrum revealed that A-Abu
has little secondary structure alone. An equimolar mixture
of A-Abu and B-Phe gave a spectrum very similar to that
observed for BBAhetT1, but with greater ellipticity at 208
and 222 nm. A complex of A-Abu and B-Phe, termed
BBAhetT2, exhibited a cooperative thermal unfolding
transition, and was considerably more stable to thermal
denaturation than BBAhetT1 (Figure 3B). Heterooligomer-
ization was confirmed by fluorescence quenching (Figure
4). AUC experiments indicated that equimolar mixtures
of A-Abu and B-Phe are best described as a single tet-
rameric species (Table 2). By contrast, peptides A-Abu
and B-Phe are both monomeric at 25 M.
The 1.95 Å crystal structure of BBAhetT1 was solved
by molecular replacement, using two monomers from
BBAT2 as a search model (Table 3 and Figure 5). The
overall fold (Figure 1C) is very similar to that of BBAT2,
with an all-atom rms deviation of 1.76 Å and an all-back-
bone atom rms deviation of 0.71 Å. The similarity of the
backbone structures indicates that the calculations were
successful in identifying an alternative sequence compat-
ible with the precise geometry of the homotetramer fold.
The structure confirms that BBAhetT1 is a C2-symmetric
heterotetramer, as intended. The tetramer axis coin-
cides with a perfect 2-fold screw axis in the crystallo-
graphic symmetry. The conformations of the designed
side chains and their surrounding residues in the core
are in excellent agreement with the calculated predic-
tions (Figure 6). On the surface, two designed salt
bridges between Glu 11 on A-Ala and Lys 18 on B-Pheare formed, with slightly different side chain conforma-
tions than predicted. Four other designed salt bridges
are not present, but in each of these cases the de-
signed residues participate in intertetramer crystal con-
tacts that were not represented in the calculations (Fig-
ure 6).
Discussion
The design of miniproteins is challenging. Many resi-
dues in the BBA peptides play multiple structural roles,
and single point mutations can affect the overall fold or
solution properties. In our work, computational meth-
ods proved valuable for rapidly identifying mutations
that would change the interaction specificity of BBAT2
while maintaining its overall structure. Calculations
were used to identify possible sites for mutation as well
as to find the best combination of residues for stabiliz-
ing a heterotetramer relative to competing homotetra-
mers and the unfolded state. Despite the very large
number of possible sequences, the first set of designed
peptides that we tested exhibited the desired proper-
ties. The efficiency of this structure-based computa-
tional approach can be compared to the much slower
process of performing an experimental selection or the
iterative process of testing sequences suggested by vi-
sual inspection.
Computational protein design does have significant
limitations. Modeling structural relaxation, particularly
backbone flexibility, is challenging (Desjarlais and Han-
del, 1999; Harbury et al., 1993; Kuhlman et al., 2003). In
the absence of a realistic model to describe relaxation,
our method predicted that sequences with large groups
in the core would be highly destabilized and not fold as
homotetramers (Supplemental Tables S2 and S3). By
contrast, our experiments revealed that B-Phe, an ex-
ample of such a peptide, nevertheless associates to
some extent in solution at high concentrations (data not
shown). The strategy of designing holes in the core,
rather than steric bulk, was significantly more effective
at destabilizing the homotetramer state. Relaxation of
side chain conformations in the calculations, and the
use of multiple tetramer structures as templates in the
Structure
230Table 3. X-Ray Statistics
Data Collection Statisticsa
Unit cell (Å, °) a = b = 41.70 c = 51.33 α = β = 90 γ = 120
Space group P3121
Wavelength (Å) 1.5418
Resolution (Å) N–1.95
Total/unique reflections 32,475/3,881
Completeness (%) 95.7 (100.0)
I/σ(I) 24.9 (7.1)
Rmergeb (%) 5.8 (38.9)
Refinement Statistics
Resolution (Å) 17.03–1.95
No. of reflections working/test set 3369/380
Rworkc/Rfreed (%) 22.2 / 24.0
Average B Factors (Å2)
Wilson plot 32.4
Amino acids 37.8
Water 55.5
RMS Deviations from Ideality
Bond lengths (Å) 0.009
Angles (°) 1.5
Dihedral angles (°) 21.7
a Values for the outermost shell (2.02–1.95 Å) are shown in parentheses.
b Rmerge = ShklSi|Ihkl,i − <Ihkl>I| / |ShklSi|Ihkl,i|, where <Ihkl> is the mean intensity of the multiple Ihkl,i observations for symmetry related reflections.
c Rwork = Shkl|Fobs – Fcalc| / Shkl |Fobs|.
d Rfree = Shkl ST|Fobs – Fcalc| / Shkl |Fobs|, where the test set T includes 10% of the data.are probably dynamic in solution and influenced by lat-amount of additional heterospecificity in BBAhetT1 and
Figure 5. Stereo View of Layer C of BBA-
hetT1 with Composite-Omit Map Contoured
at 1.0 σdesign process, alleviated the problem of large steric B
aclashes to some extent.
BBAhetT1 and BBAhetT2 are both less stable than
aBBAT2, indicating that specificity in this system comes
from destabilization of the competing homotetramer a
cstates rather than stabilization of the heterotetramer.
Charge patterning is an effective negative design strat- p
oegy in some heterospecific coiled coils (O’Shea et al.,
1993). However, we found that BBA peptides in which w
monly the surface side chains are altered (A-Leu and
B-Leu, Table 1) self-associate in solution (data not t
eshown). Charge-charge repulsion in these systems is
not sufficient to prevent the undesired states from m
sforming under the conditions studied. A-Leu and B-Leu
do, notably, preferentially form heterooligomers when s
pmixed, as demonstrated by fluorescence quenching
and CD experiments (data not shown). But a significant aBAhetT2 is apparently derived from the core redesign
nd its role in disfavoring homotetramerization.
We observed excellent agreement of the backbone
nd core structure of BBAhetT1 with the computation-
lly predicted design. The behavior of the designed
harged residues in the crystal structure is more com-
lex than predicted by the calculations. Notably, all but
ne of the computationally predicted surface residues
ere observed to have high temperature factors or
ultiple conformations in the BBAT2 or BBAhetT1 crys-
al structures, suggesting that the conformational pref-
rences at these sites are not absolute. In addition,
ost of the designed side chains in the BBAhetT1
tructure are involved in intertetramer interactions. At
ites where BBAhetT1 surface residues do not partici-
ate in crystal contacts, the designed salt bridges form
s predicted. Charged surface residues on BBAhetT1
Designed 21-Residue Heterotetramer
231Figure 6. Crystal Structure of BBAhetT1 (Dark) Superimposed on the Predicted Designed Structure (Light)
Superimposed backbones are depicted as ribbons, with side chains at the designed positions 11, 12, 13, and 18 rendered as ball-and-stick
models. Residues involved in intertetramer contacts are labeled.
(A) Entire backbone structure with designed side chains.
(B) The helical region of BBAhetT1 showing layer 12 and the designed surface residues.tice contacts in the crystal. Information about whether
the designed salt bridges form in solution would allow
a more direct comparison with the calculations.
We used the native BBAhetT1 backbone to model
the difference in energy between the predicted and the
experimental structures of the heterotetramer. We ap-
proximated the experimental structure using native side
chain chi angles but bond lengths and angles from
CHARMM. The energy function used for design
strongly favored the formation of salt bridges between
acidic and basic surface residues, as observed in the
sequence-selection calculations. Interestingly, when
the side chain conformations were relaxed by minimiza-
tion and the energies reevaluated using more accurate
electrostatics functions (see Experimental Procedures),
the difference between salt-bridge forming and nonsalt
bridge forming configurations decreased dramatically.
These calculations support a small energy gap between
structures with different numbers of salt bridges, con-
sistent with the high temperature factors and alterna-
tive conformations seen in the heterotetramer crystal
structure.
Differences in the placement of residue Tyr 6, and
other very minor differences between the design and
the BBAhetT1 structure, resulted from simplifying as-
sumptions of the computational method. For example,
the incorrect prediction of Tyr 6 arose because the ro-
tamer library used did not contain all of the experimen-
tally observed side chain chi angles. In addition, even
slight changes in backbone geometry (e.g., the 0.5 Å
difference between the BBAT2 and the BBAhetT1 back-
bones) made significant differences in the correct place-
ment of rotamers and in salt bridge formation. Predictive
performance for Tyr 6 was improved when wild-type ro-
tamers were included and the sequence was modeled
using the correct heterotetramer backbone.In conclusion, we have designed and characterized
two compact, heterotetrameric, mixed α/β miniproteins,
BBAhetT1 and BBAhetT2. Both were derived from a ho-
motetrameric precursor using computational screening
of many possible sequence/structure combinations.
These tetramers constitute the first reported heterooli-
gomeric α/β miniproteins, to our knowledge, and argua-
bly are the most complex miniproteins designed thus
far. The BBA family of peptides has proven to be quite
remarkable. The power of small sequence changes to
encode monomeric, homotetrameric, and heterotet-
rameric BBA variants, and to tune stability and specific-
ity within each class, makes this system ideal for study-
ing basic principles of protein structure. The study
described here has established several ways that oligo-
merization specificity can be manipulated in the BBA
peptides. Future work is likely to suggest others, and
to lead to yet more novel architectures, activities and
functions, all specified by a sequence of only 21
amino acids.
Experimental Procedures
Computational Design
All calculations, unless stated otherwise, used symmetry-gener-
ated tetramers from the crystal structures of two selenomethionine
mutants of BBAT2 (1SNA and 1SNE). In the case of a residue having
alternate conformations, the first listed conformation was used.
Methionine selenoxide residues were modeled as alanines. Allowed
side chain conformations were defined by the backbone-depen-
dent rotamers of Dunbrack (Dunbrack and Cohen, 1997; Dunbrack
and Karplus, 1993), using default bond lengths and angles from
CHARMM param19 (Brooks et al., 1983). Nonstandard amino acids
added were: D-alanine (D-Ala), D-proline (D-Pro), benzoylated L-α,β-
diaminopropionic acid (DapBz), and L-α-aminobutyric acid (Abu).
The angle CH1E-CH2E-NH1, with a force constant of 100.0 and
equilibrium geometry of 109.5, and the improper dihedral NH1-H-
C-CH2E, with a force constant of 750.0, multiplicity of 0, and mini-
Structure
232mum geometry of 0.0, were added to the CHARMM 19 parameter q
Cset for DapBz (Ali et al., 2004). Rotamers of Abu were modeled
using rotamers of serine (Dunbrack and Karplus, 1993). t
aDesign energies were defined as the sum over all self energies
plus the sum over all unique residue-residue energies for all flexible t
Ssites. The self energies include intra-side chain interactions, as well
as interactions with the backbone and nondesigned side chains; f
4the pair-wise energies include the interactions of a particular side
chain with another side chain. The van der Waals radii from
CHARMM param19 were scaled by 90% to accommodate discrete A
rotamer conformations. The total van der Waals energy was also P
scaled by 90%. Torsion energies were computed using param19. l
The pair-wise electrostatic energy was calculated using a coulom- N
bic function with  = 4r for polar-polar interactions, 8r for polar- u
charged interactions, and 16r for charged-charged interactions; for t
self energies,  = 4r was used. Both the self and pair-wise solvation w
energies were calculated using an Effective Energy Function (EEF1), 2
(Lazaridis and Karplus, 1999) with reference/free energies as pub- 1
lished except for NH3 (−10/−10), NC2 (–7.5/–7.5), OC (–5.33/–5.85). e
The unfolded state was modeled by treating each residue in turn w
as the central residue, X, in a Gly-Gly-X-Gly-Gly pentapeptide. The a
backbone structure employed was that of residue X and the two t
residues preceding and following X in the crystal structure. The d
side chain of residue X was modeled as an ensemble average of s
all possible rotamer states, employing the same energy function a
used for the folded states. s
Sequences were either enumerated or sampled using a Monte
Carlo search algorithm. The Monte Carlo search algorithm em-
Cployed 64 cycles of 1500 steps with a linear temperature gradient
Cfrom 300 to 200 K. For each sequence, the side chains were placed
oonto one or more backbones in an optimal configuration using a
mDEE/A* algorithm (Desmet et al., 1992; Goldstein, 1994). Two quan-
wtities were evaluated: the stability (Eunfold − EABAB) and the specific-
bity (EAAAA + EBBBB – 2EABAB). Sequences were ranked according to
dthese two scores, and those with high stability and specificity on
both of the backbones used were considered for further analysis.
For selected models, the energies were reevaluated with a function X
including the following terms: CHARMM param19 van der Waals C
energy (100% radii), Coulomb energy evaluated with a dielectric F
constant of 4, polarization energy for transfer from a protein/envi- w
ronment dielectric of 4/4 to 4/80, and a surface tension term com- l
puted as the solvent accessible surface area multiplied by 7 cal/ w
mol•Å2. The polarization energy was computed with a Generalized D
Born model (Dominy and Brooks, 1999) that used PEP to solve for r
Born radii (Beroza and Case, 1998). A version of the energy func- p
tion in which the Generalized Born reaction field energies were 1
substituted by EEF desolvation energies was also used. Models t
were evaluated both before and after 10 steps of steepest descent (
minimization (maintaining a fixed backbone) to relieve side chain
steric clashes.
R
M
Peptide Synthesis c
Peptides were prepared by standard Fmoc-based solid-phase pep- t
tide synthesis as in Ali et al. (2004). Identity was confirmed by M
electrospray mass spectroscopy (PerSeptive Biosystems) and pu- l
rity by analytical HPLC (>95%). d
r
WCircular Dichroism
iCD spectra from 300 to 200 nm were collected at 25°C in duplicate
cor triplicate on an Aviv circular dichroism spectrometer Model 202
fusing strain-free quartz cells having a path length of 0.1 cm and an
taveraging time of 5 s. Peptides were dissolved in degassed buffer
a(50 mM sodium phosphate, 100 mM NaCl, [pH 7.2]), and concentra-
Dtions were determined using the method of Edelhoch (1967). Melt-
ming experiments involved monitoring [θ]222 using a 30 s averaging stime, 90 s equilibration time, and temperature increments of 2°C
afrom 5°C to 80°C.
W
C
TFluorescence Quenching
Peptides were synthesized with a 3-nitrotyrosine quencher at posi- a
ation 6 (A-Ala and A-Abu) or an anthranilamide fluorophore at posi-
tion 20 (B-Phe). 12.5 µM samples were prepared of fluorophore- or Suencher-labeled peptides in 10 mM phosphate buffer, [pH 7.2].
ombination samples comprised 12.5 µM fluorophore-labeled pep-
ide plus 12.5 µM quencher-labeled peptide. Data were collected
t 25°C with a Jobin Yvon Horiba FluroMax-P fluorescence spec-
rometer using strain-free quartz cells having a path length of 1 cm.
amples were excited at 315 nm and emission spectra recorded
rom 350 to 550 nm. Comparisons were made of fluorescence at
12 nm.
nalytical Ultracentrifugation
eptides or mixtures of peptides at equimolar concentrations, dia-
yzed against reference buffer (50 mM sodium phosphate, 100 mM
aCl, [pH 7.2]), were spun at 25°C in a Beckman XL-I analytical
ltracentrifuge at 40,000, 45,000, and 50,000 rpm for approximately
wenty-four hours at each speed. The following concentrations
ere used: A-Ala, 40, 100, 266 M; B-Phe, 25 M; A-Abu, 50, 100,
20 M; 1:1 A-Ala/B-Phe, 50, 150, 320 M; 1:1 A-Abu/B-Phe, 50,
50, 320 M. The contents of each cell were confirmed to be at
quilibrium using WINMATCH prior to increasing the speed. Data
ere analyzed using the programs NONLIN (Johnson et al., 1981)
nd SEDPHAT (Schuck, 2003; Vistica et al., 2004). Several associa-
ion models were fit, including a single ideal species, a single noni-
eal species and different monomer-oligomer equilibria. The re-
ults reported in Table 2 are from the model that best fits the data,
s indicated. Molecular weights were determined using a partial
pecific volume, n¯, calculated by SEDNTERP (Laue et al., 1992).
rystallization
rystals were grown using vapor diffusion with hanging-drop ge-
metry from an equimolar mixture of peptides A-Ala and B-Phe (11
g/ml in 10 mM phosphate at pH 7.2) by mixing 1.5 µl of protein
ith an equal volume of reservoir solution (100 mM Na HEPES
uffer [pH 7.5], 10% v/v i-propanol, 20% w/v PEG 4000). Bipyrami-
al crystals grew after approximately one week.
-Ray Data Collection and Phasing
rystals were frozen in a stream of N2 gas cooled to −180°C using
MS oil (Hampton Research) as a cryoprotectant. A 1.95 Å data set
as collected at the Boston University Core Facility for Macromo-
ecular Crystallography using a Rigaku RU-H3RHB X-ray generator
ith an MSC R-Axis IV++ area detector and 2-theta stage. The
ENZO and SCALEPACK packages were used for data indexing,
eduction, and scaling (Otwinowski and Minor, 1997). Molecular re-
lacement was performed with MOLREP (Vagin and Teplyakov,
997). The search model comprised a dimer generated by applying
he crystallographic symmetry operators of the BBAT2 structure
PDB ID 1SNE).
efinement
anual fitting was performed using SigmaA weighted 2Fo − Fc
omposite-omit and Fo − Fc electron density maps (Read, 1997) in
he graphics program O (Jones et al., 1991). Refinement using an
LF target consisted of iterative rounds of minimization and simu-
ated annealing (3000–5000 K) using slow-cool torsional molecular
ynamics followed by individual B-factor refinement and manual
ebuilding, and was performed until Rfree ceased to decrease.
ater molecules added to the structure were checked by visual
nspection of the map at each cycle of refinement. For statistical
rossvalidation purposes, 10% of the data was excluded from re-
inement as a test set (Brünger, 1992, 1997). Topology and parame-
er files were created for nonstandard groups using bond lengths
nd angles from the literature (Ali et al., 2004). Values for D-Ala and
-Pro were derived from their L-enantiomers. Analysis of the Ra-
achandran plot defined by PROCHECK (Laskowski et al., 1993)
howed a good final model with 88% of residues in the most favor-
ble regions and 12% of residues in additionally allowed regions.
ilson plot values were calculated using the CCP4 program TRUN-
ATE (French and Wilson, 1978) with resolution limits 2.5–1.95 Å.
he refined structure contained 371 protein atoms and 52 solvent
toms per asymmetric unit (two monomers). Final model statistics
re summarized in Table 2. All figures were created using MOL-
CRIPT (Kraulis, 1991).
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Supplemental Data is available online at http://www.structure.org/
cgi/content/full/13/2/225/DC1/.
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